High-risk (HR) oncogenic mucosal human papillomavirus (HPV) types are the major cause of most, if not all, carcinomas of the uterine cervix and many other anogenital tumors, and they are found in 20 to 30% of cancers of the head and neck (HNC). HPV type 16 (HPV-16) is the most prevalent HR HPV: it is present in nearly one-half of cervical carcinomas and more than 90% of HPV-associated HNC (reviewed in reference 32). Recently, preventive vaccines against HPV-16 and HPV-18, the second most common HR HPV, have become available. While the vaccines are highly efficacious, they cannot eliminate existing infection. The development of therapies targeted at HPV infection requires a profound understanding of the viral genes involved in replication and their regulation.
Upon introduction into the basal layer cell of skin or stratified squamous epithelia, the double-stranded, closed circular HPV plasmid genome undergoes an initial amplification (11, 18, 45) . HPV plasmid amplification in the initial stages of infection appears to be tightly restricted, potentially in part to limit triggering intracellular defense mechanisms by unchecked viral replication and/or to minimize host immune responses to high levels of viral polypeptides. A low steady-state viral copy number in established HPV infections suggests limited levels of cellular factors or the regulated synthesis of viral factors responsible for supporting HPV replication.
Papillomaviral DNA replication requires an origin of replication (ori) and two viral proteins: the DNA helicase E1 and the sequence-specific transcriptional activator product of the full-length E2 open reading frame (ORF) (reviewed in reference 15). First described for the model bovine papillomavirus (BPV) type 1 (4, 23, 39) , the findings have been rapidly extended to mucosal HPV types (2, 5, 53) . The DNA sequence of mucosal HPV origins appears to be well conserved, with an A/T-rich core flanked by E2 binding sites. The E1 molecules assemble at the core to form a hexamer under the steric guidance of the full-length E2 protein in the form of dimers bound to conserved E2 binding sites which flank the ori sequence (33, 43) . The E1 protein serves as a replication initiator with ATPdependent helicase activity that promotes ori unwinding (3, 20) and may also displace histone H1, further influencing ori function (46) . The E1 hexamer also recruits cellular replication factors, including replication factor A, DNA polymerase ␣, and topoisomerase I, to assemble a functional replicating complex or "replisome" (6) .
Although E1-dependent HPV ori replication has been studied in great detail, relatively little is known about the structure and regulation of the HPV E1 gene. Expression of the early viral gene products, such as E1, may be modulated at the level of transcription initiation by cellular and viral transcription factors, by posttranscriptional control, such as alternative splicing or polyadenylation, or by selective translation from polycistronic RNA messages (reviewed in reference 55). It has been assumed that E1 mRNA(s) initiates at the major early P97 promoter and arises through differential splicing in a fashion similar to that of the E7 mRNA (9, 36 ), yet candidate E1 mRNAs have not been unequivocally identified, possibly due to their very low levels.
In this study, we have characterized the E1 cistron of HPV-16 as a genetic entity that encodes the E1 polypeptide and controls its expression during initial HPV genome amplification. Mutations within a dense, complex genome such as that of HPV can have pleiotropic effects and thus yield ambiguous phenotypes. We have developed a complementation as-say in which HPV replication depends on the expression of HPV genes from mutant HPV plasmid genomes that fail to amplify individually. Our results show that, during the initial amplification of the HPV-16 genome, E1 expression requires a polycistronic, spliced message that initiates at a novel TATAAdependent promoter upstream of P97 with a major start site at HPV-16 nucleotide (nt) 14.
MATERIALS AND METHODS
Plasmid construction. The replication-competent HPV-16 W12E plasmid (GenBank accession number AF125673) was a gift from Paul Lambert (22) . All HPV-16 mutants were PCR generated, and the PCR fragments were digested and cloned into the HPV-16 W12E parent. The HPV-16 E1Ϫ precursor plasmid (a gift from the zur Hausen laboratory), which contains a frameshift mutation by a deletion at position 1087 in the 3Ј portion of the E1 ORF (10), was excised with NcoI and BbsI and then cloned into the HPV-16 W12E plasmid. The E1 5Ј ORFϪ construct, however, contains an amber mutation of amino acid 3 within the E1 ORF. The E8Ϫ construct was constructed by introducing an amber mutation into the E8 ORF at position 1281. Amber mutations were also introduced into the E6Ϫ construct at position 211, the E7Ϫ construct at position 714, and the E2 DNA binding domain (DBDϪ) construct at position 3717; all three mutations introduced unique XbaI sites. All PCR-generated plasmids were verified by automated sequencing (DNA Core Facility, University of Iowa).
The following synthetic oligonucleotide primers were used to introduce mutations into the HPV-16 W12E plasmid (as illustrated in Fig. 1 ). The wild-type (wt) sequence is capitalized, while nucleotide substitutions are in lowercase letters and oligonucleotide positions in the HPV-16 genome are in parentheses: E1 5Ј ORF-(nt 865 to 889), 5Ј-CCATGGCTtagCCTGCAGGTACCAATG-3Ј; E8-(nt 1274 to 1293), 5Ј-CTGAAGTaGAAACTCAGCAG-3Ј; E2 DBD-(nt 3539 to 3559), 5Ј-GCGCtcTAgAACCATGGTGGACAGTGCTCCAATCCTC-3Ј; E6-(nt 208 to 234), 5Ј-gccctctagaGACGTGAGGTATATGAC-3Ј; E7-(nt 706 to 729), 5Ј-AGAGCCCtcTAgAATATTGTAACC-3Ј; SD226-(nt 217 to 235), 5Ј-GCGACGTGAGGcATATGAC-3Ј; SA409-(nt 399 to 422), 5Ј-GTTA ATTcGaTGTATTAACTGTC-3Ј; SA526-(nt 514 to 539), 5Ј-GTCTTGTTGCc GATCgTCAAGAACAC-3Ј; SD880-(nt 863 to 891), 5Ј-CCATGGCTGATCCT GCAGGcACCAATGG-3Ј; E2#1 mut (nt 30 to 66), 5Ј-GCGTAACCGAAATC GGTTGAgttGAAACCGGTTAGTA-3Ј; E2#2 mut (nt 17 to 50), 5Ј-TATAAA ACTAAGGGCGTAACCGAAATCtGTTGAA-3Ј; E2#3 mut (nt 7850 to 7879), 5Ј-TGTGTGCAAAggGTTTT GGGTTACACATTT-3Ј; E2#4 mut (nt 7850 to 7879), 5Ј-TGTGTGCAAAggGTTTTGGGTTACACATTT-3Ј; Sp1#1 mut (nt 17 to 50), 5Ј-TATAAAcagccGGGCGTAACCGAAATCGGTTGAA-3Ј; TATAA 65-(nt 45 to 75), 5Ј-GTTGAACCGAAACCGGTTAGTAgAgAcGCAG-3Ј; TATAA 7890-(nt 7870 to 7895), 5Ј-agcttcAAcACTAAACTACAATAATTCATG-3Ј; and Enhancer-(nt 7670 to 7715), 5Ј-CTATGatCCAAgtCCTTAacaACCGCTGTTctGt tgcgATTTTTGG-3Ј.
Cell culture. Stock cultures of SCC13 cells (an HPV-negative squamous cell carcinoma line) (35) were grown on irradiated J2 fibroblast feeder cells in E medium containing 0.5 g/ml hydrocortisone, 0.1 nM cholera toxin, 5 g/ml transferrin, 5 g/ml insulin, 2 nM 3,3Ј-5-triodo-L-thyronine, and 5 ng/ml epidermal growth factor (18) . For transient assays, SCC13 cultures were plated at a density of 2.4 ϫ 10 6 cells per 60-mm plate in the absence of irradiated feeder cells.
Transcription assays. Total RNA was harvested from transiently transfected SCC13 cell cultures 17 h posttransfection by using RNAqueous kits (Ambion, Austin, TX) prior to significant detectable plasmid replication as measured by Southern blotting. HPV-16 transcripts were detected by 5Ј rapid amplification of cDNA ends (RACE) using a FirstChoice RLM-RACE kit (Ambion, Austin TX), using 10 g of total RNA per sample and nested HPV-16 primers (see list in Fig.  4 ). All results were confirmed in two independent experiments, and the specific PCR products were excised, purified, and sequenced following resolution on 1.0% agarose to confirm their identity.
Plasmid amplification assays. For transient replication assays, HPV-16-W12E DNA constructs were first cleaved from pUC vector sequences with BamHI and then religated at 5 g/ml for 16 h. Ligated DNAs, reproducibly containing 30 to 50% of HPV sequences as single circles, were purified over plasmid purification columns (MaxiKit; Qiagen, Valencia, CA), and 3 g was transfected into SCC13 cells with Effectene (Qiagen, Valencia, CA). Beta-galactosidase staining of control cultures transfected with pCMV-␤-gal indicated transfection efficiencies of Ͼ50%. Cultures were split 1:2 at 24 h posttransfection and cultured for up to 5 days before total DNA harvesting (QIAamp DNA blood kit; Qiagen, Valencia, CA). Total DNA concentrations were determined by the optical density at 260 nm. A total of 4 g of each DNA sample was then digested with DpnI and linearized with BamHI and XbaI before Southern blotting. Digestion of DNA samples was confirmed by visualization of ethidium bromide-stained agarose gels following electrophoresis. Replication-defective HPV-16 plasmids included as negative blot controls also served as DpnI digestion controls. DpnI-digested, whole-cell DNAs from transfected SCC13 cultures were resolved on 1.0% agarose gels, depurinated in 0.25 M HCl, and blotted directly onto positively charged nylon membranes (Hybond-XL; Amersham Biosciences Corp., Piscataway, NJ) by alkaline transfer with 0.4 N NaOH. Aliquots of linearized HPV-16 DNA (1 to 30 pg) were included as positive Southern blotting controls and to normalize band intensities (quantified by scanning densitometry) between autoradiograms. Blots were hybridized at 65°C with probes (1.5 ϫ 10 6 cpm/ml of hybridization buffer) containing a representative equimolar cocktail of PCR-amplified segments of the HPV-16 W12E (nt 6226 to 3873/4471 to 6000) genome and [␣-
32 P]dATP/dCTP labeled by random priming (HotPrime kit; GenHunter Corp., Nashville, TN).
RESULTS
HPV-16 E1 and E2 gene products are required for initial plasmid amplification. To define the viral gene products required for initial HPV-16 replication, we first generated a series of mutations within cis elements of the transcription-and replication-competent HPV-16 W12E genome that have been shown to be required for efficient expression of the E6 and E7 early transforming genes ( Fig. 1A and C ). Mutations were also engineered within the ORFs encoding several of the principal early viral gene products (i.e., the E1, E2, E6, E7, and E8 ORFs) thought to be critical for the establishment and immortalization phases of the viral life cycle (Fig. 1B) . For example, HPV-16 genomes containing amber mutations within the E1 and E2 ORFs are replication defective and incapable of immortalizing primary keratinocytes in long-term transfection assays (data not shown). In this study, we focused on the effect of these ORF mutations, as well as mutations in cis regulatory sequences, on initial plasmid amplification in complementation assays performed by transient transfections using an HPV-negative, immortalized squamous cell carcinoma cell line (SCC13).
As has been previously demonstrated for BPV (52) and HPV replication (5), the ORFs of the E1 and E2 genes were necessary for initial HPV-16 plasmid amplification in our assays (Fig. 2, lanes 2 and 3) . The E6 product, however, appeared to have no significant effect in parallel (Fig. 2, lane 4) , as has been shown for HPV-31 (50) . However, mutation of the HPV-16 E8 ORF resulted in a Ͼ30-fold increase in replication (Fig. 2, lane 6 ), indicating that E8 is a potent inhibitor of transient replication of HVP-16, as has also been demonstrated for transient replication of HPV-31 (57) . Interestingly, and in contrast to observations for a similar disruption of E7 in HPV-31 (50), mutation of the HPV-16 E7 ORF (Fig. 2 , lane 5) also relieved the inhibition of plasmid amplification, resulting in a Ͼ15-fold increase in plasmid levels.
Replication of an otherwise replication-defective (E1Ϫ) plasmid can be rescued by the addition of an E1-expressing plasmid (as shown in Fig. 2 , lane 9). Cotransfection of an HPV-16 plasmid defective for E1 expression (Fig. 2 , plasmid "A" or "E1Ϫ") with one defective in E2 expression (Fig. 2 , plasmid "B" or "E2 DBDϪ") resulted in comparable amplifications for the two plasmid species, as a complementation model would predict (Fig. 2 , compare lanes 2 and 3 to lane 9). Cotransfection of a wt plasmid with a plasmid defective for E1 expression demonstrated that the E1Ϫ construct did not in-hibit plasmid amplification (Fig. 2 , compare lanes 1 and 8). Since the termination linker inserted into plasmid "B" (the E2 DBDϪ construct) also introduces a novel XbaI site, digestion of extracted DNA with both BamHI and XbaI results in discrete fragments generated from the two input plasmids that can be resolved by electrophoresis and independently tracked by Southern blotting. This revealed equivalent amplifications of both species, as demonstrated by the comparable intensities of the 7.9-kb (fragment A) and 5.4-kb (fragment B) digestion products derived from plasmids A and B, respectively (Fig. 2 , lane 9). Both plasmid constructs used in this complementation assay, however, express additional viral products capable of modulating amplification of both viral plasmid species. The E8 gene product, for example, which has been shown to be a robust inhibitor of replication and early gene expression in HPV-31 (44) and HPV-16 ( Fig. 2 ), potentially competes with the full-length E2 during assembly of an efficient replication complex at the ori, and it also downregulates the activity of viral gene promoters via E8 binding to promoter-proximal E2 binding sites.
Major early HPV-16 promoter P97 is not required for E1-dependent plasmid amplification. To further elucidate the individual contribution of endogenously expressed E1 and E2 gene products to initial plasmid amplification, we refined our complementation assay by applying a reductionist approach in which each plasmid species provides a critical component to viral replication. One plasmid provides E2 (but not E1), while the other provides E1 (but not E2) in the absence of the potent modulator E8, which could otherwise mask the contribution of E1 and E2 to HPV replication (Fig. 3) . Furthermore, complementation in the absence of the E8 product offered an additional practical advantage by reproducibly providing a severalfold-higher baseline replication activity with which we could quantify subtle negative phenotypes from our mutant plasmid constructs that might otherwise fall below the level of detection. We mutated the E1 gene by inserting a termination linker into the ORF and the E8 gene by inserting a termination codon into the ORF which abrogated E8 expression but did not interrupt translation of E1. We transfected a construct containing an intact E2 ORF (Fig. 3 , plasmid "A") with equimolar quantities of a second construct, containing a linker insertion in the E2 DBD which disrupts both E2 and E8 expression but does not impact the E1 ORF (Fig. 3 , plasmid "B"); both the E2 and the E1 expressor plasmid species must be present in the cell for plasmid amplification to take place (Fig. 3, lanes 6, 10, and 15 ).
Previous studies with homologous HPV-18 suggested that cis sequences flanking the E1 ORF were critical for potential E1 mRNA production, but the precise origin of these putative E1 transcripts was not precisely defined (34) . Similar studies examining other mucosal HPV types suggested that E1 expression was dependent on the activity of the E6/E7 early promoter and its splicing signals (19) . We introduced mutations into cis segments of the HPV-16 genomes (as depicted in Fig. 1A ) which were thought to influence early gene RNA message structure and regulation to assay their effect on E1-dependent activity in our complementation system (Fig. 3) . In vitro footprinting assays (T. Ishiji, T. H. Haugen, and L. P. Turek, unpublished data) had revealed multiple TATAA boxes in the HPV-16 upstream regulatory region (URR) capable of binding the TATAA binding protein (TBP) as well as two binding sites for the cellular trans-activator, Sp1, located proximal to and upstream of the P97 E6/E7 promoter (51) (Fig. 1A and C) .
While mutation of the TATAA box at nt 65 (Fig. 3 , lane 2) (which is required for P97 transcription), or deletion of the putative late gene promoter P670 (Fig. 3, lane 8 ) (13), had no effect on E1-dependent replication, disruption of the TATAA box at nt 7890 (Fig. 3, lane 16 ) appeared to be critical for efficient expression of functional E1. Mutation of Sp1 binding site 1 (the Sp1#1 site) (Fig. 3, lane 9) , which has been shown to drive the P97 E6/E7 promoter (48) , exhibited no significant effect on E1-dependent amplification. Expression of functional E1 appears to require the splice donor site at position 226 (SD226) (Fig. 3, lane 11) , as well as the splice acceptor site at position 409 (SA409) (Fig. 3, lane 12) , both of which are shared by transcripts originating from P97 that are critical for E7 expression. Mutation of SA526, however, had no negative effect on E1-dependent amplification (Fig. 3, lane 13) . We also confirmed that mutation of the 5Ј ATG of the E1 ORF (Fig. 3,  lane 7 ) was sufficient to abrogate E1-dependent activity in these assays. The replication-defective plasmid "B" species were tested individually as negative controls (Fig. 3, lanes 18 to  25) . These results show that HPV-16 E1-dependent plasmid amplification is modulated by splicing of mRNA encoding the E1 gene product which originates from a novel promoter.
HPV-16 E1 transcripts originate from a promoter other than P97. Since it appeared that E1-dependent activity in our system is derived from transcripts that may originate from a promoter upstream of P97, i.e., functional E1 levels are still expressed from mutants lacking HPV-16 early (P97) and late (P670) gene expression (Fig. 3) , we sought potential upstream start sites of E1 messages via 5Ј RACE. We used nested primers capable of annealing upstream of the P97 start site (Fig.  4C) , utilizing RNA isolated from cells transfected with E1 expression plasmids, and mutant constructs, serving as RNA templates (Fig. 4A) .
In RNA isolated from an HPV-16-positive keratinocyte cell line, which harbors stably replicating extrachromosomal HPV plasmids (M. J. Lace, J. R. Anson, A. J. Klingelhutz, J. H. Lee, A. D. Bossler, T. H. Haugen, and L. P. Turek, submitted for publication), and in RNA from SCC13 cells transiently transfected with the E1Ϫ/E8Ϫ plasmid, a transcript with a 5Ј end initiating at nt ϩ14 was detected (Fig. 4A, lanes 1 and 5,  respectively) . Transcripts originating at nt ϩ14 were not affected by a mutation of the TATAA box at nt ϩ65, which drives P97 transcription (Fig. 4A, lane 7) but were eliminated by mutation of the TATAA box at nt 7890, located immediately upstream of the putative nt ϩ14 start site (Fig. 4A, lane  3) . Conversely, the use of 5Ј RACE primers which anneal downstream of the P97 start site resulted in only P97 transcripts being detected in RNA from an HPV-immortalized, clonal human foreskin keratinocyte (HFK) cell line (Fig. 4B,  lane 8) . Similar results were observed for SCC13 cells transiently transfected with either wt HPV-16 or a construct harboring a mutation in the TATAA box at nt 7890 (Fig. 4B, lanes  1 and 3, respectively) . However, mutation of the TATAA box at nt 65 resulted in the detection of a longer transcript, with a start site at nt 14 (Fig. 4B, lane 5) . By using an RNase protection assay, a P97 transcript was detected at abundant levels compared to the essentially undetectable transcript levels originating from P14 in the same RNA sample (data not shown), indicating limited E1 transcription from P14 relative to transcription from the major early P97 E6/E7 promoter.
cis elements within the HPV-16 URR modulate E1 expression and origin function. Mutations were then introduced into the defined binding sites for cellular and viral trans-acting factors, which were previously shown to be critical for E6/E7 gene expression from the HPV-16 P97 promoter, to determine their specific contribution to regulating the expression of functional E1 in the context of our complementation assays. Mutations introduced into the enhancer abolished replication activity in an otherwise wt plasmid (Fig. 5, lane 4) as well as E1-dependent plasmid amplification in a complementation assay (Fig. 5 , compare lane 7 to lane 8), indicating that the keratinocyte-dependent, AP-2/TEF-1 enhancer, which is a critical cis element supporting P97 E6/E7 promoter activity (7, 8, 21 ), also appears to drive E1 expression. We also mutated the four defined E2 binding sites both upstream and downstream of the HPV-16 ori, with nucleotide substitutions abrogating E2 binding (data not shown), to determine their effect on viral plasmid amplification. Alteration of the proximal E2 binding site 1 (E2#1 site) resulted in a 2.5-fold increase in plasmid amplification (Fig. 6A, lane 2) , while alteration of the E2#2 site had little effect (Fig. 6A, lane 3) compared to alteration of the upstream E2#3 or E2#4 site, which reduced replication levels Ͼ2-fold (Fig. 6A, lanes 5 to 7) compared to those in the wt genome (Fig. 6A, lane 1) . The simultaneous alteration of all four E2 sites produced a composite effect with residual replication of this construct below wt levels (data not shown). These results, however, offered limited insight into the complex mechanism of HPV replication modulated by these cis sequences, since the experiment could not distinguish among their influences on the expression of E1, E2, and/or other viral gene products or their effects on the assembly of a replication complex at the ori in this context.
We then incorporated the E2 site mutations listed above into plasmid constructs that could delineate the effect of these cis sequence alterations on E1 expression or ori function in complementation assays (Fig. 6B) . Since the termination linker inserted into the E2 DBDϪ constructs also inserts a novel XbaI site, BamHI and XbaI digestion generates discrete fragments that can be resolved by electrophoresis and tracked by Southern blotting (as demonstrated in Fig. 2) . Cotransfection of the two input plasmids containing wt E2 binding sites resulted in equivalent replication of both species (Fig. 6B, lane  10) as demonstrated by the comparable intensities of the 7.9-kb (fragment A) and 5.4-kb (fragment B) digestion products, derived from plasmids A and B, respectively. In contrast, mutation of the E2#1 site in the E1-expressing plasmid resulted in a Ͼ4-fold increase in overall replication but also produced a reduction in replication of the E2#1 mutant plas- mid "B" relative to levels for the E2#1 wt plasmid "A" (Fig.  6B, lane 5) . This result implies that mutation of the E2#1 site resulted in increased E1 expression but that the ori function of this plasmid is impaired. Plasmid amplification in this system is not required for E1 expression, since a plasmid that can express functional E1 can support replication of other HPV plasmid species even when it cannot amplify effectively due to an impaired ori.
In contrast, mutation of either the E2#2 or the E2#3 site reduced E1 expression two-to threefold, as measured by the ability of this construct to support replication, and disrupted ori function in the plasmids containing the E2#2 or E2#3 mutation (Fig. 6B, lanes 6 to 7) . Mutation of the E2#4 site, however, reduced E1 expression Ͼ8-fold but exhibited no apparent effect on ori function, since the two plasmid species (containing a wt or mutant E2#4 site) amplified at comparable, reduced levels (Fig. 6B, compare lane 10 to lane 8) . The simultaneous mutation of two or more E2 binding sites resulted in a predicted composite phenotype, indicating competing positive and negative effects of the E2 sites on ori function and/or E1 expression (Fig. 6B, lanes 11 to 13) . Replicationdefective plasmids were run as negative controls (Fig. 6B, lanes  19 to 27) .
To verify that the increase in replication observed with the "derepressed," proximal E2 mutant constructs (Fig. 6B , lane 5, for example) was due to a concomitant increase in E1 expression alone, we introduced a mutation into the E1 ORF of the DBDϪ/E2#1Ϫ,#2Ϫ construct (Fig. 6B, lane 18 ) in appropriate complementation assays (Fig. 6B, lanes 15 to 18) where all viral gene products were expressed, including the E8 repressor. While mutation of proximal E2 binding sites (plasmid B) produced a Ͼ6-fold increase in overall replication compared to that of the wt plasmid (Fig. 6B , compare lane 16 to lane 17), the addition of a mutation in the E1 ORF returned replication to wt levels (Fig. 6B, compare lanes 15 and 18) . These results demonstrated that the observed increase in replication activity was due primarily to increased E1 expression in these assays and not overexpression of another viral gene product. Disruption of the E7 ORF enhances E1 expression. The presence of an intact E7 ORF appears to have an inhibitory effect on HPV-16 plasmid amplification. We noted that the insertion of a termination linker in the 3Ј portion of the E7 ORF resulted in increased initial plasmid amplification (Fig. 2,  lane 5) . To elucidate the mechanism responsible for the observed phenotype of this E7 ORF mutant, we used our complementation assay to determine if this E7 mutation indeed influenced E1 and/or E2 expression and whether it functioned in cis or in trans (Fig. 7A) . Simultaneous disruption of the E8 and E7 ORFs resulted in an additive, severalfold increase in replication activity (Fig. 7B,  lanes 1 to 3) , indicating that the respective mutations in the E8 and E7 ORFs likely targeted different mechanisms; the E8Ϫ ORF abrogated repression of gene expression and replication by an E8 gene product, while the E7Ϫ ORF disrupted an as-yet-undefined mechanism that also inhibited plasmid amplification. We engineered E2 or E1 expressor constructs (Fig.  7B , plasmids A1 and A2 and plasmids B1 and B2, respectively), which harbored the E7Ϫ mutation to see if either influenced E1-dependent plasmid amplification. Total replication in these complementation assays was measured by linearizing both plasmid species prior to Southern blotting. Parallel experiments were also performed in which DpnI-resistant fragments derived from plasmid A or B were tracked independently by appropriate digestion to confirm that the two plasmid species were amplifying at similar levels (data not shown). Disruption of the E7 ORF in the E2-expressing plasmid A2 (i.e., the E1Ϫ,E8Ϫ,E7Ϫ construct) resulted in a Ͻ2-fold increase in amplification over that observed with the E1Ϫ,E8Ϫ construct (Fig. 7B, lanes 6 and 7) , indicating that the E7 ORF mutation may influence E2 expression in cis. However, complementation assays using the E7 ORF mutation within the E1-expressing plasmid B2 (i.e., the DBDϪ/E7Ϫ construct) resulted in a Ͼ4-fold increase in activity (Fig. 7B , compare lanes 6 and 7 to lane 9), indicating that (in the presence of E7 expression) modulation of E1 expression in cis is sufficient to account for the bulk of the phenotype observed in these assays. When E7 expression is removed from the complementation system (Fig. 7B,  lane 10) , a Ͻ2-fold further increase in activity was detected, indicating a potential minor contribution of E7 to either E2 or E1 expression in trans.
These results demonstrate that mutation of the E7 ORF influences E1-dependent initial plasmid amplification primarily in cis, presumably via an increase in E1 expression. There also appears to be a minor effect on E2 expression when the E7 ORF mutation is introduced into the E2-expressing plasmid, but whether this is due to a cis effect on E2 expression or a lack of E2-dependent repression of E1 expression in trans cannot be determined.
DISCUSSION
In this study, we have characterized critical features of the E1 cistron of HPV-16 during initial genome amplification (also referred to as transient replication), a critical first step that precedes and determines the establishment of persistent infection. We have developed a complementation assay in which HPV replication depends on the expression of HPV genes from mutant HPV plasmid genomes that fail to amplify individually. This approach readily distinguishes between cis and trans effects of different mutations that could not be discerned by mutagenesis of a single genome. Furthermore, because both plasmids replicate and can be distinguished by restriction patterns on Southern blots, the assay identifies any cis mutations that alter viral ori function of the modified HPV genome. Finally, in contrast to complementation assays based on the overexpression of viral proteins from vector plasmids or retroviruses that have been used in previous studies, the HPV gene products are expressed in response to specific cellular and viral factors at native, potentially limiting levels, thus permitting the study of their regulation.
HPV-16 E1 is expressed from a spliced mRNA initiating at a previously undetected promoter, P14. High-level transcripts of the papillomavirus early gene region originate at a major early gene promoter located just 5Ј of the E6 ORF, designated P97, in HPV-16 (7, 21) . Surprisingly, our mutational analysis first excluded the P97 promoter as necessary for E1 production during the initial amplification. Mutations in the TATAA box at nt 65 or in Sp1#1 at nt 28 immediately 5Ј of the P97 promoter inactivated P97-initiated transcripts yet had no effect on E1 production in the complementation assay. Similarly, the deletion of the P670 late promoter had no effect on E1 expression. In contrast, the mutation of a putative TATAA box at nt 7890 profoundly reduced E1-dependent plasmid amplification. The TATAA(7890) sequence and the TATAA(65) motif were found to bind the TBP subunit of TFIID equally well in DNase I footprinting assays (Ishiji et al., unpublished) . The 5Ј RACE results identified a transcription start site at nt 14, located 24 nt downstream of the TATAA(7890), that was inactivated by the TATAA(7890) mutation. We designated this novel TATAAdependent promoter P14.
P14 appears to be the principal source of E1 transcripts during the initial amplification of HPV-16 DNA. We cannot exclude the possibility that it serves to initiate mRNAs for additional viral gene products at this or later stages of infection. We also do not know whether E1 transcripts originate from P14, P97, or possibly other promoters described for other mucosal HPVs (30, 42) or for HPV-16 (37, 47) during the plasmid maintenance or vegetative amplification stages of infection.
The products of the HPV-16 E1, E2, E6, and E7 early genes are thought to be transcribed from alternatively spliced RNA transcripts detected in HPV-immortalized human keratinocytes that harbor extrachromosomal plasmid genomes as shown by PCR-based methodologies (see reference 55 for a review). We found that a mutation in either the RNA splice donor site SD226 or the splice acceptor site SA409, which are localized within the E6 ORF and used for efficient E7 expression, also effectively abolished the E1 function in HPV-16. A previous study had noted that the disruption of analogous splicing sites in HPV-31 disrupted transient replication yet did not identify which of the viral gene(s), E6, E7, E1 or E2, was affected (19) . Taken together, our results indicate that the principal source of E1 expression during the initial amplification of viral DNA is an mRNA initiated at P14 and spliced from SD226 to SA409.
Regulation of HPV-16 E1 expression by cellular and viral factors. Papillomavirus particles do not contain transcriptionally active proteins; viral transcription is initially activated by cellular transcription factors. The control regions of mucosal HPVs encompass, in addition to the ori sequences, keratinocyte-dependent enhancers that contain large numbers of repeated binding sites for cellular factors (7, 8, 12, 18, 21) . Mutations or variations in many of these motifs also affect viral genome replication (17, 19, 40, 54) . We found that enhancer function was required for E1 production. Mutations in HPV-16 genomes that abolish the binding of the cellular transcription factors TEF-1 (21) and AP-2 to enhancer motifs abrogated transcription activation function of the enhancer and failed to express E1 in complementation assays. It will be of interest to test whether other transcription factors implicated by mutation analysis in the regulation of replication of an extrachromosomal HPV ori, for example, YY1 (24), AP-1 (18), TBP (14) , and CDP (28) , contribute to E1 expression, ori replication, or both, since the complementation assay can distinguish between these effects.
We found that E1 expression also is regulated by viral factors. The conserved binding sites in the HPV early promoter for the viral E2 protein also modulate initial amplification of (19, 45) . In contrast, we were able to distinguish the effect of abrogating E2 binding to these sequences on E1 expression from the contribution these sites make to ori function in initial plasmid amplification. The distal E2 site (E2#4), for example, supported E1 expression but had no effect on ori function, while the E2 sites flanking the ori influenced both ori function (as one would predict for critical components of a minimal ori structure) and E1 expression from the overlapping P14 promoter. However, mutation of the E2#1 site, which is immediately upstream of the major early promoter P97, resulted in both increased E1 expression and impairment of ori function. E2 binding to the E2#1 site could simply support recruitment of E1 and proper assembly of a functional replisome, as shown for the E2#2 and E2#3 sites flanking the ori (this study). Loss of E2 binding to the E2#1 site has also been shown to derepress transcription from the major early promoter P97 (T. H. Haugen, unpublished data), which could serve as an additional source of E1 mRNA in its derepressed state. Mutation of the E2#1 site could derepress the P14 promoter as well, resulting in increased E1 levels. It is perplexing that the steady-state levels of P14 transcripts are low compared to those of P97 despite the fact that P14 and P97 are modulated by the same trans-acting cellular and viral factors. It also is unclear why the highly active P97 promoter does not generate E1-expressing mRNA(s) during initial amplification, because precursor RNAs originating at P14 and P97 undergo similar splicing. Differences in translation initiation of spliced or unspliced transcripts capable of expressing E1 could contribute to this effect. Posttranscriptional regulation of HPV early gene expression by leaky ribosomal scanning of polycistronic messages has been proposed for HPV-16 E6 and E7 expression (41) , by distance-dependent translation reinitiation, as suggested for the synthesis of HPV-18 E7 (49), or by ribosomal shunting, as recently suggested for modulating the expression of HPV-18 E1 polycistronic messages (34) . The cis components of these polycistronic RNA messages which preferentially direct efficient E1 translation, however, remain to be defined.
While we cannot completely rule out subtle contributions to transient viral replication from other viral gene products, such as E5 and E4, it appears that E1 and E2 expression, in the context of the intact genome, is necessary and sufficient to drive initial HPV amplification. The presence of an intact HPV-16 E7 ORF, however, appeared to inhibit transient replication in our assays. E7 expression has been shown to support differentiation-dependent replication of HPV-18 (27) and HPV-31 (25) by altering the interaction of E7 with members of the E2F family of regulatory factors, which have been shown to modulate plasmid replication (26) . However, this positive effect may take place only in persistently infected keratinocytes that undergo differentiation in the suprabasal layers to support DNA replication. Alternatively, the loss of E7 expression could also influence E1 expression by disrupting the interaction of E7 with other cellular transcription factors, such as IRF-1 (1, 31), or TBP (26) . These models could support the role of E7-dependent modulation of E1 expression and/or replication in trans.
However, since in our assays we observed a significant increase in E1-dependent replication only when the E7 ORF is mutated in cis, we favor a mechanism where E1 expression is modulated primarily in cis rather than in trans by an E7 gene product. Our observations support a mechanism of alternate initiation of E1 versus E7 translation from polycistronic HPV mRNA, similar to a model previously proposed (49, 56) . The authors demonstrated that alternative translation of E7 versus E6 from bicistronic mRNA is tightly regulated not only by mRNA splicing but also by its 5Ј cap structure in relation to the translation initiation site. Disruption of the E6 ORF in cis, by linker insertion, enhanced the expression of the downstream E7 gene via enhanced translation initiation. Similarly, our data support such a mechanism, where translation initiation of the downstream E1 gene could be enhanced when the upstream E7 ORF is disrupted, as in our E7Ϫ construct. The E7 ORF mutant acting predominantly in cis explains the increase in E1-dependent plasmid amplification in our complementation assays, as opposed to the E7 protein acting as an inhibitor of E1 expression or replication in trans (Fig. 7) .
Complex mechanisms control E1-dependent HPV-16 plasmid amplification. Upon HPV infection, the production of mRNA encoding viral replication factors precedes the expression of other early gene products (29) . HPV infection progresses from an establishment phase to a maintenance phase where a stable, low copy number viral load is supported by differential modes of replication which are thought to be tightly linked to E1 levels (reviewed in reference 16). Since a stable viral load is a feature of HPV persistence, tightly regulated expression of limiting levels of E1 is critical in the maintenance phase of the viral life cycle.
This study demonstrates that modulation of E1 expression results in altered initial plasmid amplification. Several potential checkpoints for negative regulation of E1 expression are apparent. The proximal E2 binding sites mediate E1 repression, presumably via the E2 gene product(s). Our results suggest that, similar to HPV-31 (44, 57) , HPV-16 also may encode an E8ˆE2 repressor product, since a translation termination mutation in the short E8 ORF acted in trans to increase the amplification of both complementing plasmids. Furthermore, the overlap between the P14 promoter and the replication origin represents a setting where E1 overexpression could form a negative feedback loop via competition between replication and transcription factors. Under these conditions, binding to the ori by increased E1 levels could sterically inhibit further E1 expression from the overlapping P14 promoter, as previously suggested for E1-dependent inhibition of BPV early gene transcription (38) . Furthermore, at the posttranscriptional level, the expression of E7 may lead to inefficient initiation of E1 translation.
Differential regulation and temporal expression of E1 would contribute to an effective viral strategy of limited initial amplification of the viral genome, allowing immortalization of the host cell to progress while evading cellular immune defenses potentially triggered by elevated viral plasmid replication or high levels of viral gene products. Furthermore, coordinate regulation of early viral gene products during early immortalization events would maintain a critical stoichiometry of limiting concentrations of these viral gene products. Such a strategy would be predicted to contribute to maintaining a stable viral copy number as viral infection is established.
In summary, this study has used a novel approach to analyze the structure and regulation of the HPV-16 E1 cistron in E1-dependent initial viral amplification. Both E1 expression and ori function have been shown to be tightly regulated by conserved cis elements within the HPV URR interacting with both cellular and viral factors. Similar complementation assays will permit further insight not only into the structure of E1 mRNA transcripts and modulation of E1 expression but into defining the role of other viral gene products in the initial amplification of the extrachromosomal viral genome.
